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Mosquito specific viruses such as densonucleosis viruses

(‘densoviruses’) have long been suggested as alternative

mosquito control agents in the face of increasing insecticide

resistance. Densoviruses are very species-specific and have

been found to infect many important mosquito species. While

some strains are highly pathogenic, other strains are more

benign. Densoviruses have been proposed as a way to reduce

mosquito populations through pathogenic interactions, but

genetic strategies such as viral paratrangenesis offer new

approaches. As small single-stranded DNA viruses,

densoviruses can be easily genetically modified for the

expression of genes or non-coding RNAs. A growing literature

and variety of techniques have shown the potential for the use

of densoviruses in the control of mosquitoes or mosquito-

borne pathogens as well as the usefulness of densoviruses as

molecular tools for understanding mosquito biology.
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Introduction
Densoviruses (DNVs), also known as densonucleosis

viruses, are 18–22 nm non-enveloped icosahedral viruses

in the family Parvoviridae. DNVs replicate in the nuclei

of invertebrate hosts forming large cuboidal or circular

inclusions [1]. The first described DNV was discovered as

a pathogen of wax moth (Galleria mellonella) caterpillars in

1964, although infections previously described in mos-

quito larvae from California and Louisiana were likely

caused by DNVs and not cytoplasmic polyhedrosis

viruses as attributed at the time [2–6]. The pathology

caused by DNVs was originally described as ‘virose à

noyaux denses’ or ‘viral disease in dense cores’ and viral

agents capable of causing these morphology changes

became known as densonucleosis viruses, or

‘densoviruses’ for short [3].

DNVs have been identified in many invertebrate species

including crustaceans and representatives from at least

five insect orders [7]. The first mosquito-specific denso-

virus (MDV), known as Aedes aegypti densovirus

(AaeDNV), was found in A. aegypti larvae in a Russian

lab colony in 1972 [8]. To date, MDVs have been isolated

from multiple mosquito species including important dis-

ease vectors such as A. aegypti, Aedes albopictus, Anopheles

gambiae, Anopheles sinensis, Culex pipiens, and Culex pipiens

pallans [7–11]. DNVs are common in wild insect popula-

tions and more are being discovered through the use of

high throughput and shotgun sequencing [12,13]. Many

DNVs also persist as chronic infections of insect cell

culture lines and therefore sequencing of these lines

may reveal additional isolates [14–16]. Most MDVs

belong to the genus Brevidensovirus, however, the C.

pipiens densovirus (CpDNV) has been found to be more

serologically similar to Lepidopteran DNVs within the

genus Densovirus and genomic data suggests that this

MDV may even represent an entirely new genus [17,18].

MDVs infect all developmental stages of the mosquito

and can cause larvae to appear sluggish and curved in

shape [1,19]. Infected larvae can also have malformed

segments and a white colored cuticle with dark shiny

areas of melanization [1]. In many cases, infected larvae

die before reaching adulthood and MDV strains vary in

their ability to produce viable infected adults [9��,20].

MDVs can spread horizontally through larval water or

between adults during venereal contact (Figure 1)

[21,22]. As surface sterilization of mosquito eggs is unable

to eliminate MDV infected larvae there appears to be

some degree of transovarial transmission from infected

female mosquitoes to offspring [23,24]. In fact, vertical

transmission rates following surface sterilization of A.

aegypti eggs have been reported to be as high as 61.7%

for AaeDNV [24]. MDVs also vary in their capacity to

spread and persist in the environment. In wild
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populations of A. aegypti in Thailand, infections with Thai

strain densovirus (AThDNV) as high as 44% have been

reported [25]. In one large cage study, AaeDNV was

shown to be transmitted to offspring and became estab-

lished in previously uninfected oviposition sites [26]. The

titers in these oviposition sites were too low to cause

mortality or influence egg laying, however, the high level

of certain MDVs in the wild demonstrates that these

viruses have potential as tools for mosquito or pathogen

control and it is possible that MDVs could be made more

effective using genetic engineering [25].

Experimental infections of larvae with MDV in the

laboratory have been achieved through several methods.

As microinjection is not an ideal option for larval infection

due to the fragile nature of larval cuticle, other mecha-

nisms including the use of homogenized infected larvae

as food for uninfected larvae have been developed [4]. It

has also been reported that larvae can be infected with

MDV if placed in culture flasks containing an infected

cell line, however, mortality is often high using this

method due to overgrowth of bacteria [27]. Recently

hatched larvae can also be infected by being placed in

a mix of water and culture media or filtered cell lysate

from infected cells [9��,28]. Divalent cation concentra-

tions have been found to influence MDV infection of

larvae and levels of sodium chloride greater than 0.05 M

have been found to inhibit MDV infection [29]. This

information could be critical for predicting the success of

MDV application in varied natural habitats.

Mosquito control with wild-type densoviruses
MDVs vary greatly in their pathogenicity across mosquito

species. Certain infections can lead to high larval mortality

and slowed development times, while others are less path-

ogenic to larvae but can cause shortened adult lifespans

[9��,25,30,31]. Furthermore, high cytopathology in mos-

quito cell culture has not been found to be a true predictor

of mortality in infected larvae [31,32]. In one study, Hae-

magogus equinus densovirus (HeDNV) was found to be

highly cytopathic in an A. albopictus C6/36 cell line but

was not as pathogenic in A. aegypti larvae whereas the

opposite was true for the closely related AaeDNV [32].

Larval mortality rates induced by MDV infection vary

considerably depending on the mosquito species and

MDV strain used. The mortality rate of A. aegypti larvae

infected with AThDNV has been reported to be 51%, yet

A. albopictus larvae infected with the same viral strain had

a mortality rate of 82% [25]. When a high concentration of

this same AThDNV strain was used to infect Anopheles

minimus, 15.5% mortality was observed [33]. One exten-

sive study documented the pathogenicity of four strains of

DNV (AalDNV, AaeDNV, AThDNV, APeDNV) against

three strains of A. aegypti [34]. The same titer of each

DNV strain caused mortality rates of greater than 80%

within each A. aegypti strain [34]. Such high levels of

pathogenicity and mortality are common for MDVs and

one DNV isolated from a C6/36 A. albopictus cell line (C6/

36DNV) has even been reported to cause larval mortal-

ities of up 97.46% in A. albopictus [28].
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Generalized mosquito densovirus life cycle. Green indicates DNV virions (hexagons) or infected mosquito lifestages. Gray indicates uninfected

mosquito lifestages. (a) DNVs can be transovarially transmitted between infected female mosquitoes and their eggs. (b) Transstadial transmission

of DNV between mosquito stages and throughout the mosquito lifecycle can lead to infected adults. Infected larval stages can shed DNV particles

into the environment. (c) DNV infection can result in larval death and dead larvae can shed virions into the larval environment. (d).?DNVs can be

transmitted horizontally to uninfected larvae through the larval water. (e) Female mosquitoes infected with DNV can deposit virions into the larval

environment through egg coatings or secretions during oviposition. (f) DNVs can also be transmitted venereally. (g) Commercial preparations of

DNVs could be applied to larval environments for the purpose of mosquito or pathogen control.
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Pathogenicity and prevalence of MDVs can also vary

based on environmental factors such as temperature

and rainfall, or with larval conditions such as larval den-

sity, method of infection, and length of exposure to MDV

[30,35]. High concentrations of larvae and MDV has been

shown to cause high levels of infection and larval mortal-

ity [30]. In field studies of infected An. minimus in

Thailand, larval infection was correlated with rainfall

two months prior [35]. The environmental factors influ-

encing MDV efficacy have not been extensively studied

and more research is needed before control programs

employ these viruses.

While larval mortalities are difficult to compare across

studies given differences in infection methods, environ-

mental conditions, viral titer, and stage of larvae infected,

it is clear that several strains of MDV possess the ability to

significantly alter larval survival. The mechanism of MDV

based larval mortality is unclear, however it appears that

MDVs increase levels of cellular apoptosis [36]. Taking

advantage of this natural mortality rate or increasing

mortality through genetic engineering could decrease

mosquito density. Mosquito population density can also

be controlled through reducing rates of reproduction.

Some studies have reported decreases in oviposition rate,

fecundity, and egg hatch rate from A. aegypti females

infected with AaeDNV [37]. Others reported no changes

in fecundity when studying A. albopictus densovirus

(AalDNV) in A. aegypti and AThDNV in Anopheles mini-

mus [21,33]. Although the ability to alter fecundity differs

with MDV strain and mosquito species, a reduction in

reproductive success could potentially lead to lower mos-

quito densities and reduced vectorial capacity.

While a decrease in overall mosquito density is appealing,

methods that use this technique are often rapidly made

obsolete due the high selection pressures exerted on the

population undergoing this suppression. Shortening mos-

quito lifespan via late-life insecticides would lessening

selection pressure by allow mosquitoes to reproduce as

usual while hindering the ability of the mosquito to become

infectious or to take multiple bloodmeals. A dose-depen-

dent shortening of adult lifespan has been experimentally

reported in A. aegypti infected with wild-type AaeDNV [37].

Genetically modifying other densoviruses such as the

recently discovered Anopheles gambiae densovirus (AgDNV)

to act as a biological late-life insecticide targeting older

adult Anopheles gambiae has been proposed [38]. This

method has heightened potential in Anopheles gambiae, as

AgDNV titers peak in 7-10 day old adults and the virus does

not cause appreciable mortality in immatures [38].

In addition to altering lifespan, survival, and oviposition

rates, MDVs also have the potential to influence mosquito

co-infection dynamics and ability to transmit pathogens.

Infection of A. albopictus mosquitoes with C6/36DNV

leads to lower dengue virus strain 2 (DENV-2) titers

and may reduce transmission to new hosts [28]. Certain

MDVs may even be able to trigger superinfection exclu-

sion or an anti-viral state in which secondary infections

with another virus are inhibited. When C6/36 cells chron-

ically infected with AalDNV were challenged with

DENV-2 the cells were resistant to superinfection and

had much slower DENV-2 virion production [39]. In

another study, DENV-3 titers and percentage of infected

cells were reduced at various timepoints in the presence

of a MDV but through a less clear interaction [40]. MDV-

based superinfection exclusion varies depending on the

viruses tested and was not seen when C6/36 cells persis-

tently infected with AaeDNV were exposed to the closely

related HeDNV [32]. Secondary HeDNV infection still

led to severe cell cytopathology and chronic AaeDNV

infection did not appear to cause a true anti-viral state. In

other cases, persistent and stable in vitro infections with

MDVs and other viruses have been observed [41,42]. It is

unclear if MDV strain differences account for these varied

accounts or if there are specific interactions between

MDVs and DENV. More research on DNV-based super-

infection suppression is needed to determine the useful-

ness of MDVs for this type of control.

In relation to field deployment, AaeDNV has been the

most extensively studied of the known MDV strains.

AaeDNV was discovered in Russia in 1972 and was

previously used in a commercial product called Viroden

that consisted of homogenized infected A. aegypti larvae in

a solution of phosphate-buffered saline and glycerol that

could be applied to larval habitats [7,43]. While this

product was not extensively used commercially, experi-

ments conducted in small artificial ponds resulted in

larval and pupal mortalities of 44–86% for mixed popula-

tions of native Ukrainian mosquitoes [7]. When applied to

natural mosquito larval rearing habitats in a cold region of

Russia, 59–76.1% mortality was observed [7]. When Vir-

oden was tested in natural reservoirs in a warmer region of

Tajikistan, 43–73% mortality was observed for native

species [7]. In all cases, Viroden was applied as a spray

to the surface of the water and the preparation was found

to be highly stable and resistant to heating, variable pH,

UV radiation, and many common environmental stressors

[7,43,44]. Additionally, Viroden was found to have a small

host range and in laboratory experiments the viral prepa-

ration was not infective to white mice, rats, guinea pigs,

rabbits, chicken embryos, and cell cultures from warm-

blooded animals [7,45]. Infectivity experiments con-

ducted using AalDNV from A. albopictus C6/36 cells

showed a similar level of target specificity and were

unable to establish infections in mice, Drosophila mela-

nogaster, Spodoptera littoralis, vertebrate cell lines (HeLa,

BGM, Ma104), or Drosophila cell lines [46]. The Viroden

studies demonstrated the effectiveness and target speci-

ficity of an applied DNV-based biopesticide in varied

field conditions and climates against a variety of mosquito

species. While most MDVs have not reached this level of
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field application, many MDVs have the potential to be

used in a similar manner following appropriate testing or

genetic modification (Figure 1).

Genetic information
Most MDVs have single stranded negative sense DNA

genomes of approximately 4 kbs in length, however,

CpDNV genomes are ambisense and around 6kb in size

[17,18,47]. All DNVs have terminal inverted repeat

sequences at both the 50 and 30 ends that fold to form

hairpins or Y-shaped structures and are essential for

capsid packaging [7]. The DNV genome consists of

two nonstructural (NS) genes and two viral protein

(VP) or capsid genes flanked by inverted terminal repeats

(ITRs). Three promoters corresponding to three open

reading frames (ORFs) are found within the viral genome

positive strand. A left promoter occurs prior to NS1,

another mid promoter occurs within the left ORF, and

the right promoter is located before the VPs [47]. The

small size of the DNV genome has allowed researchers to

insert the entire genome of various DNVs into infectious

plasmid vectors. Once in a plasmid, the genome may be

manipulated using traditional cloning techniques for the

purpose of mosquito control or a strategy known as

‘paratransgenesis’, in which transgenic symbionts are

used to alter host biology or ability of the host to transmit

pathogens. Transgenic MDVs could be used to express

anti-pathogen compounds, insecticidal molecules, or non-

coding RNAs within mosquito hosts. Non-coding RNAs

(ncRNAs) are RNA molecules that are not translated but

instead act through RNA interference (RNAi) or other

pathways to alter gene expression. In RNAi, certain

ncRNAs of �22 nucleotides, known as microRNAs (miR-

NAs), bind to areas of complementary in mRNA tran-

scripts and block translation or lead to the degradation of

mRNA transcripts and a reduction in subsequent gene

expression. Various genetically modified MDVs have

already been tested using some of these techniques.

Mosquito control with genetically modified
densoviruses
To date, most genetic modification of densoviruses has

been conducted using AaeDNV. In 1994, the first

AaeDNV infectious clone known as pUCA was created

by adding the entire AaeDNV genome to a bacterial

plasmid which was then used to transfect C6/36 mosquito

cells [48��]. From this plasmid, wild-type infectious

AaeDNV was successfully rescued. To further test the

potential of AaeDNV as an expression vector, plasmids

containing the gene encoding b-galactosidase (b-gal)

under the control of each AaeDNV viral promoter were

created between the AaeDNV terminal inverted repeats.

When these constructs were used to transfect cells,

expression levels of b-gal were high for both the mid

(p7) and right (p61) ORFs and even higher when cells

were co-transfected with a plasmid providing trans-acti-

vating NS1. Additionally it was found that recombinant

genomic sequences containing b-gal were able to be

successfully packaged into infectious viral capsids when

a helper construct was provided. [48��]. These studies

demonstrated that certain AaeDNV promoters were

effective at expressing inserted genes and that genetically

modified AaeDNV could be packaged into infectious

virions.

Later experiments led to the creation of plasmids that

express GFP under the control of the AaeDNV p7 or p61

promoter [20]. In these experiments several GFP fusion

constructs were tested. Plasmids p7NS1-GFP and

p7NS1-GFPp61VP in which GFP expression was under

the control of the p7 promoter had the highest levels of

observed GFP expression when used to transfect mos-

quito cell culture [20]. These plasmids were then used to

produce transducing virions. Plasmid p7NS1-GFP lacked

AaeDNV VP and this was provided using helper plasmids

containing either the entire wild-type AaeDNV genome

or only the VP gene. The second plasmid, p7NS1-

GFPp61VP contained all viral genes and did not require

co-transfection with a helper plasmid [20]. Larvae

infected with viruses created from these plasmid con-

structs had observable GFP expression in several organs

including the midgut, hindgut, Malpighian tubes, and

anal papillae [20]. Unfortunately, this system allowed for

recombination between p7NS1-GFP and VP containing

helper constructs or within the p7NS1-GFPp61VP con-

struct, resulting in high levels of wild-type AaeDNV.

Recombination levels were highest in the p7NS1-

GFPp61VP single construct system. Later strategies

eliminated this recombination through the use of a

recombinant Sindbis virus (single-stranded positive-

sense RNA virus) coding for AaeDNV VP under the

control of a previously tested Sindbis subgenomic pro-

moter as a helper construct [20,49].

In 2008 the first Anopheles MDV was discovered in Anopheles

gambiae Sua5B cells [9��]. AgDNV was found to be infec-

tious but not pathogenic to larvae and was able to dissemi-

nate and multiply in various adult tissues [9��]. Specifically,

AgDNV was found to reach high numbers in the fat body

and ovaries of Anopheles gambiae [50�]. First instar larvae of

Anopheles gambiae that were allowedto feed on infected cells

for 24 hours or were put into trays containing a mix of

filtered infected cell lysate and water for 24 hours were

infected with approximately equal efficacy and �50–60%

of surviving larvae remained infected into adulthood as

determined by PCR [9��]. Vertical transmission was also

reported and 28% of larval offspring from infected adults

tested positive for the virus [9��]. AgDNV was also found to

have a minimal influence on adult mosquito survival and

transcriptome composition, making it an ideal candidate for

paratransgenesis [51].

In order to genetically modify AgDNV and adapt the tool

for expression of desired genes, the complete genome
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including hairpins was purified and added to a pBluescript

cloning vector, forming a wild-type AgDNV construct

designated pBAga [9��]. A second plasmid construct was

created by removing most of the AgDNV genome from

between the hairpins and adding in multiple cloning sites.

These sites were then used to insert the Drosophila

Actin5C promoter, an enhanced GFP (EGFP) gene,

and an SV40 termination sequence creating a plasmid

subsequently called pAgActinGFP [9��]. Moss55 cells co-

infected with helper pBAga and transducing pAgAc-

tinGFP quickly expressed fluorescence. Purified viral

particles were infective to larvae and fluorescence was

observed into mosquito adulthood. GFP expression was

observed in 20% of the offspring from infected adults and

was later observed in 20% of the F3 generation [9��].

Later, a new AgDNV transducing plasmid

(pUTRAcGFP) was created that improved upon pAgAc-

tinGFP. This plasmid also contained the Actin5C pro-

moter, EGFP sequence and SV40 termination sequence

but was made considerably shorter through the removal of

a remnant of AgDNV VP that was present in pAgAc-

tinGFP [9��,50�]. Additionally, pUTRAcGFP contained a

segment of the 50 AgDNV untranslated region that was

absent from pAgActinGFP [9��,50�]. Additional con-

structs were created by switching the promoter used to

express EGFP or the termination sequence but all were

kept shorter than wild-type AgDNV, as constructs larger

than the wild-type DNV genome have reduced and

unpredictable transduction due to difficulties in genome

packaging [7,48��,50�]. Of these, the viral construct with a

full length Actin5C promotor and EGFP led to the most

GFP expression during in vitro and in vivo infections

[50�]. Another construct developed during this study

produced polycystronic expression of multiple genes

and demonstrated the potential for use of a two construct

AgDNV system in the expression of larger DNA

sequences [50�]. In DNV vectors that are close to the

size of wild-type AgDNV genome, shorter genetic

options must be explored and expression of ncRNAs

remains an area with potential.

Some experimentation with ncRNA expression has been

conducted using a helper-transfection AaeDNV plasmid

system to induce RNAi in A. albopictus C6/36 cells and

larvae [52]. In this study, pUCA, a previously validated

plasmid encoding the entire AaeDNV genome, was modi-

fied to create a recombinant plasmid lacking the VP gene

and containing GFP fused to NS1 [48��,52]. An artificial

intron containing a small hairpin RNA (shRNA) expression

cassette sequence under the control of either an Anopheles.

gambiae or A. aegypti U6 promoter was added to the NS1-

GFP fusion area. Following transcription, the intronic

shRNA cassettewasspliced outandprocessed into a siRNA

sequence and the mature mRNA coding NS1 and GFP was

translated. Two different siRNA sequences (siRNA1 and

siRNA2) targeting A. albopictus V-ATPase mRNA

transcripts via RNAi were tested under the control of each

U6 promoter. V-ATPase was chosen as a target for this

experiment due to its conserved nature, function in cellular

invasion of enveloped viruses, and role in essential cellular

functions [52]. When A. albopictus C6/36 cells were co-

infected with helper pUCA and a siRNA-expressing trans-

fecting plasmid, GFP expression was observed in 96% of

cells at 60 hours post infection, indicating proper splicing of

the shRNAcontaining intron. RNAi based V-ATPase silenc-

ing was most pronounced and sustained when cells or larvae

were transfected with plasmids expressing siRNAs driven

by the A. aegypti U6 promoter. The siRNA2 sequence was

the most effective and at 96 hours post infection in vitro V-

ATPase expression was reduced by more than 90% using

this construct [52]. This construct was also the most effec-

tive at knocking down V-ATPase in A. albopictus larvae. This

construct was also found to be more pathogenic than either

wild-type AaeDNV or the other transducing-helper virus

combinations in newly emerged A. albopictus larvae [52].

Additional work has been done exploring the expression

of small ncRNAs via an artificial intron system in non-

defective recombinant AaeDNV [53�]. To validate intro-

nic splicing, pre-miRNA sequences for aal-let-7 and aal-

mir-210 were placed inside the artificial intron within

defective AaeDNV plasmids containing the two denso-

virus non-structural genes fused to DsRed or GFP in the

place of the VP gene. These plasmids were used to

transfect C6/36 A. albopictus cells along with a helper

plasmid encoding the full AaeDNV genome. Purified

virions produced from these plasmids were also used to

infect A. albopictus larvae. DsRed or GFP expression

indicated proper splicing of the artificial intron was occur-

ring in vitro and in vivo [53�]. Splicing was further vali-

dated using intron-spanning primers. Following valida-

tion of intron splicing, non-defective constructs were

created by placing the intron and pre-miRNA sequences,

miRNA sponge sequences, or artificial miRNA sequences

in the NS1 gene of a plasmid containing the entire

AaeDNV genome. These non-defective pre-miRNA

and miRNA sponge constructs were shown to alter the

levels of aal-let-7 and aal-mir-210 in vitro following plas-

mid transfection. Similar changes were observed in vivo in

infected larvae [53�]. Additionally, intronic expression of

artificial miRNAs against V-ATPase reduced the level of V-

ATPase mRNA in vitro and in vivo [53�]. This non-defec-

tive AaeDNV intron expression system has recently been

slightly modified to increase ease of use and has been

used to express a short hairpin sequence against A.

albopictus V-ATPase [54�]. These experiments demon-

strate the ability of densoviruses to express small ncRNAs

through the use of an artificial intron and show that such

vectors can be non-defective.

Disadvantages
There are many gaps in our understanding of MDV basic

biology that currently limit the feasibility of using these
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viruses for mosquito control. Specifically, MDVs have not

yet been identified for each medically important mos-

quito species and for many discovered MDVs, the com-

plete host ranges have yet to be described. Previous

research has noted that MDVs tend to have limited host

ranges and off-target effects have not been documented,

however this must be confirmed for each MDV or geneti-

cally modified MDV prior to field application. In addition,

the currently known MDVs are often limited to specific

tissues. This could be useful if targets are found within

the mosquito tissues that each MDV infects, however,

this could limit the efficacy of MDV-based control, espe-

cially if attempting to inhibit pathogens that do not reside

in the same tissues as the virus.

While certain highly pathogenic MDVs have the potential

to reduce mosquito numbers, it is unclear if this level of

reduction is enough to effectively inhibit mosquito-borne

disease transmission. Additionally, highly pathogenic

MDVs that kill immatures before reaching adulthood have

the potential to exert strong selective pressure. There is

always a danger that resistance to MDV tools will develop

and that efficacy will decline over time. For the purpose of

paratransgenesis as well as reducing the risk of developing

resistance, it is more advantageous to infect mosquitoes

with a less pathogenic MDV strain that allows mosquitoes

to reach adulthood and reproduce but somehow disrupts

transmission or shortens the mosquito lifespan.

Another disadvantage is the limited size of the transgenic

MDV constructs that can be produced. Unless co-infec-

tion techniques with transducing viruses and helper

viruses are used, only small amounts of DNA can be

added to the MDV construct due to limitations in the

capsid capacity [7,48��]. Constructs larger or smaller than

the wild-type DNV genome have been found to have less

efficient packaging. One such construct, 8% larger than

wild-type AaeDNV, was found to have a 10% reduction in

packaging [48��]. There are also problems with deleting

parts of the NS1 and NS2 genes in AaeDNV, and poten-

tially in other MDVs, as at least certain areas of these

genes seem to play a role in regulating natural VP expres-

sion levels [55].

One of the more basic challenges facing large-scale adap-

tation and deployment of a MDV control strategy is the

ability to manufacture the virus in sufficient quantities.

The associated costs of producing large amounts of virus

are typically high and must be overcome in order for

control strategies to have enough viral preparation to be

effective. C6/36 cells have been adapted to produce

AaeDNV and HeDNV particles in serum-free protein-

free Sf-900 II media in spinner flasks [56]. This method is

more consistent and easier to handle on a large scale than

previous methods using traditional flasks with fetal

bovine serum (FBS) supplemented media. While this

method represents progress towards easier large-scale

production of virus, other obstacles remain for efficient

purification of viral particles as well as for the production

of MDVs that are not able to grow in C6/36 cells.

Many of the current disadvantages to using MDV as tools

to control mosquitoes stem from a lack of basic biological,

ecological, and logistical studies of the viruses. While

early evidence has been promising, such studies must

be continued and expanded to newly discovered MDVs

as well as to transgenic strains. Despite some challenges,

MDVs have numerous advantages that justify continued

research and development as novel methods of control.

Conclusions
MDVs have many characteristics that make them desir-

able as laboratory tools or as alternatives to traditional

pesticides or genetically modified mosquitoes. MDV

genomes are small and allow for easy genetic manipula-

tion using standard cloning techniques [9��,47,52].

Although the small capsid size of MDVs poses challenges

to efficient genome packaging when inserting large

genetic segments, research into small ncRNAs is opening

up new possibilities for modification and coinfection

systems have demonstrated potential for allowing for

the expression of longer genetic sequences

[9��,48��,50�,52]. MDVs have also been reported to be

highly species-specific and no off-target effects have been

documented [7,45,46,57�]. In field conditions, MDV

infections can persist and spread, indicating that modified

MDVs may possess the same characteristics and that even

minimal application of certain MDVs could lead to stable

field infections [21,25,35]. Given these characteristics,

MDV-based control efforts have the potential to be

cheaper, easier, and less labor intensive than traditional

pesticides. While many strains of MDV are highly patho-

genic to larvae and could be used to lower overall mos-

quito density, less pathogenic strains could be engineered

for the purpose of paratransgenesis or for use as late-life

insecticides [38]. While further development is crucial,

MDVs have a clear and demonstrated potential for use in

the control of mosquitoes and mosquito-borne pathogens.
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